Belonging to the dynamin superfamily of large GTPases, human guanylatebinding proteins (hGBPs) comprise a family of seven isoforms (hGBP-1 to hGBP-7) that are strongly upregulated in response to interferon-c and other cytokines. Accordingly, several hGBPs are found to exhibit various cellular functions encompassing inhibitory effects on cell proliferation, tumor suppression as well as antiviral and antibacterial activity; however, their mechanism of action is only poorly understood. Often, cellular functions of dynamin-related proteins are closely linked to their ability to form nucleotide-dependent oligomers, a feature that also applies to hGBP-1 and hGBP-5. hGBPs are described as monomers, dimers, tetramers, and higher oligomeric species, the function of which is not clearly established. Therefore, this work focused on the oligomerization capability of hGBP-1 and hGBP-5, which are reported to assemble to homodimers and homotetramers. Employing independent methods such as size-exclusion chromatography, which relies on the hydrodynamic radius, and multiangle light scattering, which relies on the mass of the protein, revealed that previous interpretations regarding the size of the proteins and their complexes have to be revised. Additional studies using inter-and intramolecular F€ orster resonance energy transfer demonstrated that nucleotide-triggered intramolecular structural changes lead to a more extended shape of hGBP-1 being responsible for the appearance of larger oligomeric species. Thus, previously reported tetrameric and dimeric species of hGBP-1 and hGBP-5 were unmasked as dimers and monomers, respectively, with their shapes depending on both the bound nucleotide and the ionic strength of the solution.
Introduction
Human guanylate-binding proteins (hGBPs) comprise a family of interferon-inducible large GTPases within the superfamily of dynamin-related proteins [1] . Members of the dynamin superfamily share common structural and biochemical properties that clearly distinguish them from other GTP-binding proteins, in particular from small GTPases [1] [2] [3] . Being 60-100 kDa in size, they display a characteristic multidomain architecture including a large catalytic GTPase domain (LG), low affinity binding for nucleotides, nucleotide-dependent oligomerization and an oligomerization-controlled stimulation of the GTPase activity [1, 2] . The ability to form oligomers or homocomplexes is an essential feature of dynamin-related proteins to accomplish a diverse array of functions that range from potent antiviral activity to intracellular membrane remodeling, fusion, and fission events [1, [4] [5] [6] .
Being most abundantly induced by interferon-c and also by other inflammatory cytokines, seven isoforms, designated hGBP-1 to hGBP-7, constitute the family of hGBPs [7] [8] [9] [10] . Although the actual mechanism of action remains elusive, several cellular functions of hGBPs have been reported, as also recently reviewed by Pilla-Moffet et al. [11] . The activities of hGBP-1 and hGBP-5 include antiproliferative effects on endothelial cells and colorectal carcinoma cells [12] [13] [14] [15] , activation of the NLRP3 inflammasome [16] as well as antiviral activity against human immunodeficiency virus-1, hepatitis C virus (HCV), and influenza A virus [17] [18] [19] [20] . While earlier studies claimed that hGBP-1 is also capable of restricting growth of the intracellular bacterium Chlamydia trachomatis by localizing to pathogen-containing vacuoles, more recent studies could not confirm this effect [21] [22] [23] [24] . Instead, hGBP-1 was found to restrict early replication of the protozoan parasite Toxoplasma gondii without localizing to pathogen-containing vacuoles [23] .
Biochemically and biophysically, hGBP-1 is the best characterized isoform, followed by hGBP-5, while less is known about the others. Besides common features of the dynamin superfamily, hGBP-1 but not hGBP-5 exhibits a unique catalytic mechanism for the successive hydrolysis of GTP to a mixture of GDP and GMP [25] [26] [27] . With the additional ability to bind all guanine nucleotides with similar affinity, hGBP-1 can reside in three different states, whereas hGBP-5, lacking the GMP-binding ability, may be found only in the GDP-and GTP-bound states [28, 29] . Furthermore, three hGBP isoforms including hGBP-1 and hGBP-5 have a C-terminal CaaX motif that is target for posttranslational prenylation [30] . When equipped with a prenyl moiety, these proteins gain the ability to associate with membranes [31] [32] [33] .
The monomeric structure of full-length hGBP-1 has been resolved in the nucleotide-free and GppNHpbound forms, both of which have an ellipsoid shape with an almost identical overall arrangement [34, 35] . The 68 kDa protein displays a typical multidomain architecture consisting of an amino-terminal globular large GTPase domain (LG), an a-helical middle domain (MD, a7-11) and a carboxy-terminal GTPase effector domain (GED, a12-13) (Fig. 1A) . The GED is an elongated domain of approximately 120 A in length that folds back, flanks the MD and contacts the LG domain via several salt bridges [34, 36] . This domain interface has been proven to be important for regulating intramolecular structural changes that hGBP-1 undergoes upon GTP binding and hydrolysis [36, 37] . As derived from analytical size-exclusion chromatography (SEC) and dynamic light scattering (DLS), hGBP-1 is assumed to exist in three different oligomeric states defined by the loaded nucleotide: (a) monomeric when nucleotide-free or bound to GMP or GDP, (b) dimeric when bound to the GTP analog GppNHp, and (c) tetrameric when bound to GDPÁAlF X [26, 34, 36] . The emergence of the complexes is proposed to proceed as follows. A substrate-induced dimerization of hGBP-1 is mediated by LG:LG domain contacts resulting in head-to-head dimers sufficient to stimulate GTP hydrolysis [38, 39] . The so caused conformational changes within the LG domains disrupt intramolecular salt bridges between LG and GED, thereby releasing the GEDs of a dimer to interact with the GEDs of another dimer, altogether building a tetramer [26, 36, 40] . Although sharing high sequence homology, oligomerization behavior of hGBP-5 in comparison with hGBP-1 deviates with two respects. Firstly, hGBP-5 is assumed to be constitutively dimeric [29] . Since monomers were observed only for the tumorassociated splice variant that is lacking the C-terminal domain (hGBP-5ta [41] ), this domain is proposed to mediate dimerization of full-length hGBP-5 as similarly observed for other dynamin-related proteins (DRPs) such as dynamins and Mx proteins [29, 42, 43] . Secondly, in contrast to hGBP-1, hGBP-5 forms tetramers when bound to GppNHp [29] .
The subsistence in different oligomeric states and a coordinated cycling between these states, as for instance controlled by the bound nucleotide, are of major importance for appropriate function of DRPs as demonstrated by mutations that particularly affect oligomer formation and thereby result in loss of biological activity [5] . For dynamins and Mx proteins for instance, smaller oligomers like dimers and tetramers have been reported, which are considered to act as building blocks for biologically active higher ordered self-assemblies, also referred to as polymers [6, [43] [44] [45] [46] [47] [48] . These include helices and spirals of dynamins that wrap around necks of budding vesicles and play a key role in membrane fission, and also ring-like structures of Mx proteins that are proposed to supply multiple interaction sites for stable binding of viral nucleoproteins, thereby antagonizing viral replication [42, [49] [50] [51] [52] . There is a growing number of reports also emphasizing the biological importance of oligomerization provided by GBPs. For murine GBPs, assembly to 'supramolecular' complexes consisting of several thousand protein molecules have been described as essential to directly attack T. gondii [53] . Likewise, oligomerization of human GBP-1 is required to suppress HCV replication [54] . On the other hand, the recently identified anti-HIV activity of hGBP-5 was not linked to selfassembly but essentially to Golgi association of the protein [17] . However, oligomerization of hGBPs was previously described as a major determinant for intracellular localization [31] , making proper characterization of multiple oligomeric species absolutely necessary. Our earlier crystallization and structural determination of hGBP-1 together with enzymatic studies were carried out in low ionic strength buffers. However, all the features of hGBP-1 in the cellular context implicate physiological ionic strength of the solution and we therefore used increased salt conditions in the present in vitro study in order to demonstrate the impact on the behavior of hGBPs. We investigated the oligomerization capability of the isoforms hGBP-1 and hGBP-5 at 150 mM NaCl to maintain intracellular ionic strength. In addition to sizeexclusion chromatography (SEC), here we performed SEC-coupled multiangle light scattering (MALS) as well as F€ orster resonance energy transfer (FRET) measurements, which together unraveled substantial discrepancies between real and apparent molecular masses.
Results
Only GDPÁAlFx, not GppNHp and GTPcS, induces oligomerization of hGBP-1 GTP-dependent interactions of hGBP-1, particularly homodimerization, are known to be an essential feature at least for self-stimulation of enzymatic activity. In previous studies, analytical SEC was performed at low salt conditions and in the presence of different nucleotides to further explore the nature of hGBP-1 complexes. Accordingly, hGBP-1 being monomeric in the nucleotide-free, GMP-and GDP-bound state seemed to form dimers as well as tetramers when bound to GTP and transition state analogs GppNHp and GDPÁAlF X , respectively [26, 34] . Here, we used the same method to investigate whether increased salt conditions (addition of 150 mM NaCl) had any effect on the oligomerization features of hGBP-1. We estimated the apparent molecular mass (m) of each species as in our previous studies by utilizing a column-specific calibration curve determined for globular reference proteins. Although affected by hGBP-1's elongated shape and intramolecular domain rearrangements as we demonstrate later in this work, we give the apparent molecular masses, termed m SEC , at this point for a better comparison of the oligomeric species measured at different ionic strengths. Oligomerization of hGBP-1 was tested in the absence of any nucleotide and in the presence of GDPÁAlF X and GppNHp. Generally, given the equilibrium dissociation constants of hGBP-1-nucleotide complexes in the range of 0.53-2.4 lM [55] and the nucleotide concentrations above 250 lM employed in our studies, we may approximate the enzyme bound to the nucleotide to more than 98% and neglect the small fraction of nucleotide-free enzyme. Intriguingly, in 150 mM NaCl not three but only two hGBP-1 species could be identified ( Fig. 2A,  B) -one assumed to be the monomeric fraction and the other representing an hGBP-1 homocomplex. Interestingly, only in presence of GDPÁAlF X did the homocomplex occur with an apparent m SEC of 274 kDa as deduced from the calibration of the SEC column (Fig. S1A) . However, in the presence of GppNHp, hGBP-1 eluted at a volume similar to the nucleotide-free conditions with an apparent m SEC value of 97 kDa almost identical to that of the nucleotide-free protein (m SEC = 94 kDa). In fact, the GppNHp-loaded hGBP-1 species appeared highly sensitive to salt conditions, since repeating the same experiment in the absence of 150 mM NaCl led to much earlier elution yielding an apparent m SEC of 146 kDa ( Fig. 2A,C) . For further control, we used an additional GTP analog, namely GTPcS, which in comparison to GppNHp provides both a higher electronic similarity to GTP and a 10-fold higher affinity to hGBP-1 regardless of the ionic strength coming from 150 mM NaCl. Nevertheless, GTPcS induced similarly salt-sensitive species of hGBP-1 as observed with GppNHp, e.g., an apparently larger protein complex of 131 kDa in the absence of NaCl and a monomeric species of 90 kDa in the presence of NaCl (Fig. 2C and Table 1 ). Thus, GppNHp and GTPcS will be considered as equivalent GTP analogs in the following.
The SEC experiments did not give clear-cut conclusions as to the formation of homodimers or oligomers of hGBP-1. The elution volume of a protein on the SEC column may be affected by structural changes leading to an altered friction or by the mixture of monomeric and dimeric species at rapid equilibrium. Therefore, a more sensitive method was additionally applied to capture putative hGBP-1 complexes namely FRET. Equimolar concentrations of Alexa488 donor-and Alexa647 acceptor-labeled hGBP-1 (labeling efficiencies 90% and 60%, respectively) were mixed and incubated for 5 min prior to nucleotide addition. The donor was excited and acceptor fluorescence time courses were monitored in which an increase of fluorescence intensity compared with the initial signal corresponds to intermolecular interactions of hGBP-1 molecules. Accordingly, only addition of the transition state analog GDPÁAlF X induced oligomerization of hGBP-1 as indicated by a substantial increase of the relative fluorescence of up to 2.8-fold. This was moreover independent of the assayed temperature (10 and 25°C; Fig. 3A ) or NaCl concentration (0 or 150 mM; Fig. 3B ). In contrast to GDPÁAlF X , addition of GppNHp did not cause a notable increase in fluorescence, which was similar for the other GTP analog GTPcS (Fig. 3) . However, GTPcS but not GppNHp induced a slow increase in fluorescence intensity of 1.3-fold when NaCl was absent In total, three different hGBP-1 species could be identified without NaCl (A), whereas addition of 150 mM NaCl yielded only two species with the GppNHp-bound hGBP-1 eluting at the same volume as nucleotidefree hGBP-1 (B). (C) Apparent molecular masses as indicated were obtained from measurements in the presence (gray column) and absence of NaCl (white column) using the respective calibration curve (Fig. S1A ). For comparison of the GTP analog-induced hGBP-1 species, m SEC values of GTPcS (pink) are shown.
( Fig. 3B ), which appears contradictory to previous SEC experiments; in SEC, GppNHp-bound hGBP-1 eluted much earlier in the absence of NaCl as compared with the presence of 150 mM NaCl (Fig. 2) , apparently suggesting oligomerization. However, nonaltering fluorescence time courses in the presence as well as in the absence of NaCl (Fig. 3 ) disproved a GppNHp-induced oligomerization of hGBP-1 under any tested salt condition.
GDPÁAlFx-induced oligomer of hGBP-1 is a dimer with apparent larger size Thus far, intermolecular FRET measurements emphasized strong homocomplex formation of hGBP-1 when bound to the transition state analog GDPÁAlF X . However, the GTP analog-induced oligomerization of hGBP-1 under low salt conditions gave conflicting results, e.g., an apparent oligomeric species as observed by SEC could not be confirmed by intermolecular FRET studies (see Figs 2 and 3). The interpretation of nucleotide-dependent shifts of the SEC elution peaks is not completely straightforward as they may go back to nucleotide-induced changes of the structure or to the presence of both monomeric and dimeric species. Fast equilibration of the two species will result in a peak averaging the properties of the two species and will be positioned between the elution volumes of pure dimer and monomer. In contrast, a slow formation and dissociation of the dimer will show two separate elution peaks and their areas will reflect the relative quantities of the two species. Thus, we performed SEC-coupled multiangle light scattering (SEC-MALS) in order to determine molecular masses of the eluting proteins with a method which is independent of the shape of the proteins and possible protein complexes (Fig. 4) . The molecular mass of nucleotide-free hGBP-1 was determined as m MALS = 74 kDa, which is close to the calculated molecular mass of an hGBP-1 monomer (m cal = 68 kDa). However, the visible shift of the GTPcS-bound species to smaller elution volume, thereby indicating a larger molecule than expected from a monomer, revealed a molecular mass of m MALS = 81 kDa. This is 7 kDa larger than for the nucleotide-free form but unambiguously too small to classify it as a dimer (Fig. 4A ,B and Table 1 ). As mentioned above, this shift of the value of m can be understood as a fast equilibrium between monomer and dimer where the majority of the population is the Comparison of m MALS and m SEC , the latter of which was obtained by using the columnspecific calibration curve (Fig. S1B ). (C, D) Absorption chromatograms (dotted and dashed lines) and molecular mass distributions (solid lines) of GTPcS-bound hGBP-1 (C) and GppNHp-bound hGBP-1 (D) where protein concentrations were varied for each nucleotide-state (30 lM, blue; 60 lM, red; 150 lM, green). SEC-MALS measurements showed hGBP-1 dimer formation to a small extent in the presence of GTPcS and GppNHp, respectively, in rapid equilibrium with the monomer. This is corroborated by the observation that increasing the protein concentration results in a shift of the elution volumes to smaller values (arrows) and a small increase of the average molecular mass. (E, F) Different nucleotide states of hGBP-1 R48A are compared in analogy to (A) and (B).
monomer. Hence, 81 kDa will correspond to a mass average value of monomer (68 kDa) and dimer (136 kDa). This equilibrium can be shifted in favor of the dimeric species by increasing the protein concentration as shown in Fig. 4C supporting the interpretation that GTPcS-bound hGBP-1 is in a rapid exchange between the monomeric and the dimeric form. This is also true for the GppNHp-bound hGBP-1 (Fig. 4D) . We further investigated the GDPÁAlF X -bound hGBP-1 which by SEC suggested a complex of apparently 274 kDa (Fig. 2) . Most intriguingly, MALS experiments unraveled this particular species as having a molecular mass m MALS = 140 kDa, which corresponds to a dimer instead of a tetramer as suggested by SEC data only (Fig. 4B) .
In sum, hGBP-1 adopts different states upon binding to GTP and upon hydrolysis, which are represented by binding to GTP analogs and the transition state analog. The GTP hydrolysis state shifts the equilibrium toward the hGBP-1 dimer, whereas GTP binding favors the monomer. Our observations with the GTPase-deficient mutant R48A of hGBP-1 support this interpretation. In fact, mutant R48A, which lacks the catalytic arginine residue [28, 35, 38] , remained monomeric regardless of the added nucleotide (Fig. 4E,F and Table 1 ). Noteworthy, this mutant binds GTP and nucleotide analogs with similar affinities to wild-type [55] . This altogether proved the catalytically active state of hGBP-1 to be important for dimerization.
hGBP-1 undergoes nucleotide-and saltdependent intramolecular opening
Since molecular masses of the hGBP-1 species obtained with SEC were up to two-fold larger than obtained with MALS measurements, we conceived nucleotide-dependent intramolecular structural changes of the large multidomain protein to account for the discrepancy. Those intramolecular structural changes can act as a putative factor for altering elution behavior in SEC. In order to accomplish a procedure for labeling specific cysteines within hGBP-1 for intramolecular FRET measurements, accessibility of hGBP-1's cysteines was tested under different conditions (varying nucleotides, salt concentrations, temperatures) using Ellman's assay [56] as done by V€ opel and others [37] (Fig. 5A,B) . Based on this, labeling conditions were chosen as described in 'Experimental procedures', namely on ice without nucleotide, and double-labeled hGBP-1 (termed hGBP-1 A/D) was generated. Analyzing protein fragments of hGBP-1 A/ D with SDS/PAGE after trypsin digestion revealed that both fluorescent dyes are located within amino acids (aa) 253-592 (Fig. 5C ). When comparing donor and acceptor fluorescence of fragments after 20 min of digestion, acceptor fluorescence had already vanished while donor fluorescence was seen in all protein fragments resulting from further digestion of fragment aa 253-592. This let us conclude that the Referring to Praefcke [70] , after digestion of hGBP-1, main fragments at sizes of 30 and 40 kDa were assigned to aa 1-252 and 253-592 due to the first trypsin cleavage site after lysine 252.
acceptor dye is localized at C589 since this cysteine is sitting at the very end of the protein, which we assume is accessible easily for the protease. However, assignment to specific cysteines of the donor dye is not possible with the given methods. Nevertheless, all cysteines left are localized in the LG or MD. Therefore, hGBP-1 A/D allows monitoring FRET between the GED and the rest of the protein. Basically, intramolecular FRET measurements were performed in the same way as the previous intermolecular FRET measurements, varying the type of nucleotide and concentration of NaCl (Fig. 6 ). All intramolecular FRET time courses displayed a relative decrease in FRET efficiency that indicates that fluorescent dyes and accordingly the GED and the rest of the protein moved apart from each other, suggesting that hGBP-1 upon nucleotide binding undergoes intramolecular opening to a different extent. Reminiscent of the intermolecular FRET studies, GDPÁAlF X among all tested nucleotides forced the greatest effect on intramolecular structural changes independent from the NaCl concentration. Although being not or only weakly capable of inducing intermolecular interactions of hGBP-1 (Fig. 3) , GppNHp and GTPcS turned out to induce some remarkable effects on an intramolecular basis instead (Fig. 6) . Above all, the GppNHp-and GTPcS-induced intramolecular opening was even more pronounced in the absence of NaCl, which altogether explains a generally larger appearance of the hGBP-1 species on SEC.
hGBP-1 analyzed by SEC: protein complex formation versus structural opening Separation of proteins by SEC is based on the proteins' ability to diffuse in and out of the cone-shaped cavities of the porous matrix of the size-exclusion column. Hence, the protein's hydrodynamic radius (R hyd ) defines its retention time, whereby proteins with larger R hyd elute earlier than proteins with smaller R hyd . The hydrodynamic radius, however, is strongly dependent on the friction of the macromolecule and therefore its shape has a significant impact on the R hyd value [57] . Since SEC is calibrated with globular proteins of more or less spherical shape (Fig. S1) , the elongated, ellipsoid shape of hGBP-1 leads to an overrating of its m SEC value. This is already visible for the nucleotidefree 68 kDa protein, which does not form any dimer but rather exhibits an elongated structure (Fig. 1A) and which elutes at volumes corresponding to 20-30 kDa higher m SEC (Table 1) . Furthermore, structural rearrangements of the protein molecule can also influence the elution during SEC. In fact, it was shown that the C-terminal GED of hGBP-1 moves apart from the LG/MD during GTP binding and hydrolysis, thereby generating a cleft between the subdomains [36, 37] . We made similar observations by intramolecular FRET measurements described above (Fig. 6) . Considering that such a domain movement may result in an increase of R hyd , we recollected and reconsidered possible models for the hGBP-1 monomer, dimer and tetramer based on hGBP-1's full-length monomer (PDB ID: 1F5N [35] ) and LG:LG dimer crystal structure (PDB ID: 2B92, [38] ) and calculated respective R hyd values using the software HYDROPRO (Physical Chemistry University of Murcia, Murcia, Spain) (see 'Experimental procedures'). These calculations account for the friction of nonspherical, extended structures of the macromolecule. The values of R hyd of globular reference proteins [58] [59] [60] revealed the curve shown in Fig. 7 , which represents a cubic relationship between the molecular mass and R hyd . This is expected for proteins which do not exert friction additional to the one calculated for the sphere of the corresponding size and when the usual specific volume of a protein of 0.7-0.75 mLÁg À1 may be assumed [57] . The values of R hyd of monomeric hGBP-1 ('a' in Fig. 7 ) and dimeric hGBP-1 ('d' in Fig. 7) were calculated to 4.08 and 5.55 nm, respectively. According to the cubic curve in Fig. 7 and ignoring the importance of the shape, these radii of monomeric and dimeric hGBP-1 would be interpreted as apparent molecular masses of 93 and 301 kDa, respectively, demonstrating the large impact of the structure on the R hyd value. The previously proposed tetramer model [40] ('e' in Fig. 7 ) results in a value of R hyd of 6.85 nm, which yielded an apparent molecular mass of 718 kDa. Furthermore, a monomeric hGBP-1 molecule with its GED describing an angle of 45°relative to the LG/MD ('b' in Fig. 7 ) had a similar R hyd to the 160 kDa aldolase (4.83 nm compared with 4.81 nm). And finally, a fully outstretched hGBP-1 molecule with its GED describing an angle of 180°relative to the LG/MD ('c' in Fig. 7 ) had a R hyd similar to the 240 kDa catalase (5.17 and 5.20 nm, respectively). Taken together, these calculations exemplified how both an ellipsoid shape and intramolecular opening in addition to oligomerization can influence hydrodynamic properties of hGBP-1, and therefore influence its diffusion behavior and elution volume on SEC.
hGBP-5 cycles between an elongated monomer and dimer
As it is another 68 kDa member of the hGBP family previously characterized by SEC only and shown to undergo nucleotide-dependent oligomerization [29] , we investigated hGBP-5 by SEC-MALS. The former SEC study indicated that hGBP-5 unlike hGBP-1 appeared with 200 kDa as a putative dimer already in the nucleotide-free state [29] . Interestingly, hGBP-5's splice variant resulting in a C-terminal truncated protein (hGBP-5ta) seemed to lack the ability to dimerize: with a theoretical molecular mass of m cal = 57 kDa, hGBP-5ta had an apparent size of 120 kDa, which due to its elongated shape was assigned to represent a monomer [29] . We determined similar molecular masses for both proteins when only SEC data were taken into account (see m SEC in Table 1 ). Intriguingly, MALS data of the measured nucleotide-free hGBP-5 and hGBP-5ta revealed molecular masses of m MALS = 73 and 58 kDa, respectively, which identified both splice variants as monomeric species (Fig. 8A ).
In the same manner, hGBP-5 bound either to GDPÁAlF X or to GTPcS could be identified as a dimer although the SEC data alone suggesting tetrameric complexes (Fig. 8B ,C and Table 1 ). Intriguingly, in the presence of GDPÁAlF X hGBP-5 showed two peaks, a large one at smaller elution volume and a smaller R hyd (nm) Fig. 7 . The relationship between apparent molecular masses and hydrodynamic radii of putative hGBP-1 conformations and oligomers. Molecular masses (m) of globular reference proteins (indicated in key) were plotted as a function of their hydrodynamic radii R hyd (taken from Siegel and Monte [58] , Sober [59] and Klose and Bird [60] ). Several models of monomeric and oligomeric hGBP-1 (a-e) built from a monomeric full-length structure (PDB ID: 1FN5) taken the LG:
LG dimer structure into account (PDB ID: 2B92) were inserted according to their R hyd calculated by HYDROPRO (black solid lines). A cubic equation fitted to the reference proteins (gray solid line) served to determine apparent m values of the hGBP-1 models. Accordingly, apparent m values of 93, 172, 225, 301, and 718 kDa were obtained for models a-e, respectively (indicated by dotted arrows). In particular, monomeric models of hGBP-1 (a-c) demonstrate that intramolecular structural changes can lead to substantial differences in apparent m values.
one at larger elution volume. By increasing the protein concentration, the peak at smaller elution volume containing the dimeric species grew at the expense of the peak at larger volume containing the monomeric species (Fig. 8D ). This observation can be interpreted as a slow equilibration between dimeric and monomeric species. In contrast, in the presence of GTPcS the equilibration of the dimer and the monomer appears to be rapid as indicated by the average value of molecular mass and elution volume, which are both dominated by a larger fraction of the dimer (Fig. 8B ).
Discussion
Understanding oligomerization as an essential property of dynamin-related proteins required for proper functioning in cellular events such as membrane remodeling and antiviral combat [5, 6, 48] , we investigated oligomerization of two hGBP isoforms, namely hGBP-1 and hGBP-5. In previous studies, SEC and DLS experiments have been performed to address the hGBP complexes that occur in a nucleotide-dependent manner. The interpretation of these data was that hGBP-1 forms monomeric, dimeric, and tetrameric species [26, 34, 36] , while hGBP-5 forms dimeric and tetrameric species [29] . In this work, we have shown with SEC-MALS that both isoforms hGBP-1 and hGBP-5 exclusively cycle between the monomeric and GTP bindingor hydrolysis-induced dimeric state but, most strikingly, do not form tetramers at any stage (Figs 4 and 8B,C). Due to discrepancies in apparent molecular masses obtained when using different NaCl concentrations (Fig. 2) , and further, due to a lack of structures showing hGBP assemblies, we considered hydrodynamic properties of the proteins, on which both of the methods, SEC and DLS, are grounded, as a potential factor to distort previous conclusions. With particular regards to former studies on hGBP-1 suggesting also nucleotide-driven intramolecular conformational changes [36, 37] , two questions came to be of interest. Firstly, do an ellipsoid protein shape and conformational changes within the protein cause the dimer to appear with double size (Table 1) ? Secondly, when monomer and dimer (previous tetramer) represent the only hGBP species, what is the nature of the previously assigned hGBP-1 dimer that only emerges upon GppNHp binding under low salt conditions but completely vanished under increased salt conditions ( Fig. 2A,B )? Indeed, applying HYDROPRO on putative hGBP-1 complexes impressively demonstrates that both an ellipsoid shape of the protein as well as intramolecular structural changes such as rearrangement of the GED against the rest of the protein are capable of increasing the hydrodynamic radius (R hyd ) leading to an apparently higher molecular mass (Fig. 7) . Taking these aspects into account was helpful to shed light on conflicting results obtained by SEC and MALS: for instance, a constructed head-to-head dimer of hGBP-1 with its calculated R hyd yielded an apparent m of 301 kDa when compared with spherical SEC standards ('d' in Fig. 7) , which agrees well with the apparent m of GDPÁAlF X -bound hGBP-1 experimentally obtained by SEC (m SEC = 274 kDa). Nonetheless, MALS measurements being blind to hydrodynamic effects identified the same species as having an m MALS of 140 kDa (Table 1 ).
In the same manner and with additional support from our inter-and intramolecular FRET measurements, we could elucidate the nature of the GppNHpbound hGBP-1 species observed under low salt conditions ( Fig. 2A,C) . In intermolecular FRET measurements, GppNHp-bound hGBP-1 failed to induce dimer formation independent from NaCl addition (Fig. 3) . Nevertheless, as observed in intramolecular FRET experiments (Fig. 6) , the conformational changes within hGBP-1 induced by GppNHp binding were revealed to be highly sensitive to the ionic strength of the buffer. In the absence of NaCl, acceptor fluorescence decreased significantly upon GppNHp binding, demonstrating that the GED moves away from the LG/MD and leads to a more extended shape of the structure. This is emphasized by HYDROPRO calculations of monomeric hGBP-1 models in which the GED describes an angle relative to the LG/MD resulting in an increased R hyd ('b' and 'c' in Fig. 7) . We conclude therefore that binding of GppNHp induces structural opening of the hGBP-1 monomer under low salt conditions leading to an increased R hyd that is reflected in higher elution volumes corresponding to higher apparent molecular masses ( Fig. 2A,C) .
The conformational coupling of different subdomains is a prominent feature of dynamin-related proteins to coordinate GTPase activity and oligomerization [4, 5, 42, 43, 61] . In line with this, our data implicate nucleotide-controlled conformational coupling of hGBP-1's LG and GED, both of which were suggested to participate in self-assembly earlier [38, 40, 62] . When combining the nucleotide-driven intramolecular events in hGBP-1 with its dimerization, it appears that GTP binding to hGBP-1 serves to induce conformational changes within the LG domain to slightly rearrange the GED but does not induce dimerization of the majority of the hGBP-1 molecules (Figs 3, 4A-D and 6 ). This occurs only upon GTP hydrolysis, which above all appears to force sufficient release of the GED (Figs 3, 4A,B and 6 ), thereby presumably allowing both LG:LG and GED:GED interactions to establish dimers tight enough to be monitored by SEC (Fig. 2) . Although it was shown earlier that GTP binding is sufficient for the isolated LG domain of hGBP-1 to dimerize [39] -which we could confirm also under higher salt concentration (data not shown) -this obviously does not apply to the full-length protein (Figs 2 and 4) . However, our protein concentration-dependent SEC-MALS data give support for a very weak affinity of hGBP-1 full-length dimers when bound to GTP analogs (Fig. 4C,D) . Thus, it becomes conceivable that the GED, which is present in the full-length protein and also provides interactions to the LG domain, may play a role in arranging the LG:LG-interface. At the first glance, oligomerization of hGBP-1 seems to be similar to the oligomerization behavior of the related Mx proteins and dynamins. Also, MxA and dynamin exploit locally distinct interfaces to establish higher ordered homocomplexes. However, the C-terminal domains of both MxA and dynamin are proposed to interact already in the absence of nucleotide that coordinates the LG domains for subsequent nucleotide-dependent LG:
LG interactions [5, [42] [43] [44] 47] . Thus, the order of domain interactions during oligomerization of these DRPs and hGBP-1 seems to be the other way around.
Remarkably and in contrast to hGBP-1, hGBP-5 showed nucleotide-dependent oligomerization with all GTP analogs as well as with GDPÁAlF X (Fig. 8B-D and Table 1 ), which demonstrates distinguishing requirements for dimerization of the two isoforms suggesting different mechanisms. This is not surprising when considering notable differences that the isoforms display at biochemical levels: for instance, hGBP-1 in clear contrast to hGBP-5 provides not only GMP-binding ability but also yields GMP from GTP hydrolysis [26, 29] . However, both hGBP-1 and hGBP-5 belong to the hGBP isoforms that harbor a CaaX motif, which is target for prenylation in eukaryotic cells. Prenylation -i.e., farnesylation (hGBP-1) and geranylgeranylation (hGBP-5) -is absolutely required for the proteins to associate with membranes [31, 32] . In addition to that, we recently discovered that farnesylation also enables hGBP-1 to form polymers giving similar ring-like structures as observed for BDLP [63, 64] . In BDLP, these rings are supposed to be built of dimers [65] , which due to the overall similar constitution may be also true for hGBP-1. Therefore, understanding that hGBP-1 does not form tetramers but dimers instead appear as an important contribution toward unraveling the mechanism of polymer formation.
Over the past years, many mutants of hGBP-1 have been generated and utilized to link certain biological and biochemical effects to particular properties of the protein, like nucleotide binding, enzymatic activity, and oligomerization. However, the characterization of the mutants with particular respect to oligomerization (monomer/dimer/tetramer) was based on hydrodynamic methods and thus the sizes of oligomeric species were overrated as we demonstrated in this work. Accordingly, a recent study claims that both GMP formation during GTP hydrolysis and inhibition of HCV replication provided by hGBP-1 require tetramer formation, as deduced from several point mutations in the switch I and II regions (Fig. 1C) that by SEC did not yield tetramers and also did not yield GMP as GTP hydrolysis product [54] . However, results of this work combined with the former finding that exclusively dimeric but not monomeric hGBP-1 yields GMP [27, 66] suggest that these mutants have impaired dimerization, thus revealing dimerization as critical for anti-HCV actions. This is also true for several other hGBP-1 mutants. For instance, mutant R48A (located in the P-Loop, Fig. 1C) , which due to substitution of the catalytic arginine finger becomes GTPase inactive, was believed to still retain its ability to dimerize while losing its ability to tetramerize [38, 55] . However, SEC-MALS measurements showed monomers with all nucleotides tested (Fig. 4E,F and Table 1 ), consequently revealing R48A as a constitutive monomeric (this work), GTPase-inactive mutant with GTP-binding ability comparable to wild-type [55] . These characteristics are highly reminiscent of another P-Loop mutant, K51A, except for a substantially reduced binding affinity for GTP [28, 55] . Mutational analysis identified position K51 in hGBP-1 as essential for inhibition of influenza A virus replication [20] ; however, the statement that GTP binding but not hydrolysis is necessary for antiviral action [67] appears highly critical when considering that abrogated GTP binding affects all interdependent processes such as GTP hydrolysis and dimerization. In contrast to the constitutively monomeric mutants, the loose mutant (R227E/ K228E) having a more flexible arrangement of the GED was formerly assumed to represent a constitutive dimer that emerges into tetrameric structures when bound to GTP [31, 36] . Also at high salt conditions, GTP analogs induced complex formation of the mutant but m SEC values were reduced by up to 80 kDa when compared with low salt measurements (data not shown). However, considering the effect of a loose GED on hGBP-1's R hyd value, the mutant turned out to subsist as a monomer when nucleotidefree and as a dimer when bound to GTP but not as a tetramer. Although not forming higher oligomers than dimers, most strikingly, the loose hGBP-1 was shown to dimerize in the presence of GDPÁAlF X and any tested GTP analog (data not shown). This indicates that also GTPcS and GppNHp manage to induce a conformation ready to form dimers when the GED arrangement is sufficiently loose, which is not the case for the wild-type protein.
Although the structure of hGBP-5 is not known, our coupled SEC-MALS results also provide evidence for remarkable structural deviations between hGBP-5 and hGBP-1 monomers. Sharing the same molecular mass of 68 kDa, however, hGBP-5 appears to be twofold larger than hGBP-1 (m SEC 187 kDa versus 94 kDa; Fig. 8A and Table 1 ), which is why hGBP-5 was formerly assumed to be a constitutive dimer [29] . In particular, the finding that the apparent molecular mass of full-length hGBP-5 upon GED truncation (tumor-related mutant hGBP-5ta) shrinks by almost half uncovers the GED as the major constituent for the enlarged appearance ( Fig. 8A and Table 1 ). As known from the X-ray structure, hGBP-1 monomers adapt an ellipsoid shape in which the elongated GED (almost 100 amino acids) associates with the rest of the molecule revealing a closed safety-pin-like arrangement [34] , which in total corresponds to an apparent mass of~100 kDa. As described above, an increase of the apparent molecular mass of hGBP-1 results from a GTP-dependent release of the C-terminal GED [36, 40] as also demonstrated by our intramolecular FRET experiments (Fig. 6) . The contact between the GED and the rest of hGBP-1 is mediated by the previously described salt bridge network in which R227 and K228 located in the protein's LG interact with E556, E563, E568, and E575 located in the GED [36] . Intriguingly, these residues providing the salt bridge network are not conserved when aligning the sequences of hGBP-1 and hGBP-5 ( Fig. 9) : the positively charged R227 in hGBP-1 is replaced by a glutamine in hGBP-5, whereas hGBP-1's asparagine residues 563 and 568 are replaced in the isoform by the uncharged residues threonine and glutamine, respectively. Therefore, hGBP-5 in contrast to hGBP-1 may miss the GED:
LG contacts resulting in a more flexible GED arrangement toward the rest of the protein already in the nucleotide-free, monomeric state, altogether resembling structures of DRPs like dynamin and MxA [42, 43] . For hGBP-1, this open arrangement is only achieved by charge reversal mutations as they are present in the loose mutant (R227E/K228E, see above). Moreover, both the loose mutant and hGBP-5 form dimers in the presence of any tested GTP and transition state analog, which may be a hint to structural similarity particularly concerning GED arrangements. Both, a higher number of accessible cysteine residues in hGBP-5 as compared with hGBP-1 wildtype (data not shown) and HYDROPRO calculations further support this assumption. Finally, a permanent accessibility of the C-terminus harboring the membrane anchor may also explain why hGBP-5 constitutively resides at the Golgi [9, 31] .
Experimental procedures

Protein expression and purification
Genes coding for hGBP-1 and splice variants of hGBP-5 were present in bacterial expression vectors pQE80L yielding N-terminally histidine-tagged target proteins (His 6 -hGBP-1 and His 10 -hGBP-5). Escherichia coli strains BL21 CodonPlus (DE3) RIL (Stratagene, Heidelberg, Germany) and Rosetta (DE3) pLys (Novagen, Merck Millipore, Darmstadt, Germany) were used for expression of hGBP-1 and hGBP-5 constructs, respectively. Cells containing pQE80L-hGBP-1 were grown in terrific broth medium at 37°C and 90 r.p.m. until absorbance (A 600 ) of 0.4-0.6 was reached. Subsequently, cells were induced with 100 lM isopropyl b-D-1-thiogalactopyranoside (IPTG; Carl Roth, Karlsruhe, Germany) at 20-25°C for 16-18 h. In order to improve the amount of soluble proteins, expression of hGBP-5 constructs was slightly varied as followed: cell growth to a A 600 of 0.4, reduction of temperature to 18°C for at least 1 h prior to induction, and induction with only 25 lM IPTG at 18°C for 16-18 h. After harvesting (5000 g, 4°C, 15 min), cells were resuspended in buffer A (50 mM Tris/HCl, pH 7.9, 500 mM NaCl and 5 mM MgCl 2 ) containing 1 mM phenylmethylsulfonyl fluoride (SigmaAldrich, Darmstadt, Germany), and lyzed by sonication (Ultrasonic homogenizer Sonoplus HD 2200; Bandelin, Berlin, Germany). Cell debris was removed by centrifugation at 34 310 g and 4°C for 45-60 min (Sorvall LYNX 6000 centrifuge, F21-8x50y rotor; Thermo Scientific, Darmstadt, Germany). The soluble fraction of hGBP-1 or hGBP-5 being in the supernatant was purified in two steps: firstly, by affinity chromatography (30 solved in buffer C (50 mM Tris/HCl, pH 7.9, 150 mM NaCl and 5 mM MgCl 2 ) and loaded on an SEC column previously equilibrated with buffer C. Fractions containing pure target protein were concentrated via ultra-filtration (Vivaspin 20; 10 kDa cut-off, Sartorius, G€ ottingen), frozen in liquid nitrogen and stored at À80°C. Concentration of hGBP-1 was calculated according to the Lambert-Beer law, using absorption at 280 nm in guanidine hydrochloride solution (6 M guanidine hydrochloride, 20 mM potassium phosphate, pH 6.5) and a molar absorption coefficient of e 280 = 43 240 M À1 Ácm À1 . Likewise, the concentrations of hGBP-5 and hGBP-5ta were determined in buffer C, using e 280 = 45 380 and 39 880 M À1 Ácm À1 , respectively.
Analytical size-exclusion chromatography
Homocomplex formation of hGBP isoforms was investigated by analytical SEC in the absence and presence of nucleotides. Therefore, the size-exclusion column Superdex 200 PC 3.2/ 30 (2.4 mL; GE Healthcare) was equilibrated with 2 CVs of the respective buffer (either buffer C or buffer C containing 250-320 lM of GDPÁAlF X , GTPcS or GppNHp, purchased from Jena Bioscience, Jena, Germany). To obtain the complex of GDPÁAlF X , GDP was added into buffer C that was supplemented with 10 mM NaF and 300 lM AlCl 3 (buffer C + AlF). Protein was diluted to a total concentration of 20 lM in the respective buffer and incubated for 0-30 min prior to injection on the column. From chromatograms recorded at 280 nm, elution volumes (V e ) were derived and used to calculate an apparent molecular mass (m SEC ) of each protein species according to the column- LG --------α4'------- Fig. 9 . Sequence alignment of hGBP-1 and hGBP-5 in the contact areas between GED and LG. Referring to structural elements of hGBP-1 (LG domain with a4 0 and the C-terminal GED domain with a12-13), the residues being critical for establishing salt bridges are highlighted in blue (R227/K228) and in red (E556/E563/E568/E575). In comparison, hGBP-5 lacks half of these residues.
specific calibration curve (Fig. S1A) . Calibration curves were generated using V e of calibration proteins covering a range of 29-669 kDa (carbonic anhydrase, albumin, ovalbumin, conalbumin, alcohol dehydrogenase, b-amylase, apoferritin and thyroglobulin; GE Healthcare).
Size-exclusion chromatography coupled multiangle light scattering
For online SEC-MALS measurements, proteins were diluted to a final concentration of 30 lM in buffer C without or with nucleotide (230-250 lM GDPÁAlF X or GTPcS). After incubation for 10-20 min, samples were injected into a Superdex 200 10/30 HL column (24 mL; GE Healthcare; connected to an € AKTA Purifier system) using a 100 lL loop. After SEC, eluate passed a Shodex RI-101 refractive index detector (Showa Denko, Tokio, Japan) and a miniDAWN TREOS light scattering 506-TS instrument (Wyatt, Dernbach, Germany). Light source of the RI detector and wavelength of the laser in the light scattering instrument were 658 nm. Light scattering was measured at angles 45, 90, and 131°. Molecular mass distribution and concentrations of chromatogram peaks were calculated based on the light scattering signal and based on the refractive index, respectively. For calculation, ASTRA 5.3.4 software (Wyatt, Dernbach, Germany) was used with a value of dn/dc = 0.185 mLÁg À1 .
Labeling of proteins with fluorescent dyes
For intermolecular FRET measurements, proteins were labeled using a molar ratio of 0.8 dye/protein; Alexa Fluor488-C5-maleimide dye (Thermo Scientific) was used as donor and Alexa Fluor647-C2-maleimide dye (Thermo Scientific) was used as acceptor. Both protein and dyes were diluted in buffer L (50 mM Tris/HCl, pH 7.4, 150 mM NaCl, 5 mM MgCl 2 ) and incubated for 20 min on ice. Following this, SEC (Superdex 200 10/30 column) was performed for buffer exchange against buffer C with 2 mM DTT (buffer C + DTT) as well as separation of labeled protein from unbound dye. For intramolecular FRET measurements, protein was sequentially labeled using first acceptor dye (molar ratio of 0.8 dye/protein, incubation for 20 min on ice) and then donor dye (molar ratio of 2 dye/ protein, incubation for another 20 min on ice). Buffer exchange and separation from unbound dye was done as for the intermolecular FRET constructs. Labeling efficiencies were calculated from the absorbance at 280 nm (hGBP-1), 491 nm (donor dye), and 651 nm (acceptor dye) in buffer C+ DTT, using molar absorption coefficients of e 280 = trypsin under native conditions (buffer C) at 21°C. Samples were taken before the reaction was started and after 1, 5, and 20 min of trypsin digestion, whereafter digestion was stopped by mixing with SDS sample buffer (125 mM Tris/ HCl, pH 6.8, 50% glycerine, 10% SDS, 10 mM b-mercaptoethanol and 0.01% bromophenol blue) with subsequent incubation at 95°C. Samples were analyzed by SDS/ PAGE. Prior to staining, protein bands on SDS gel were fixed and the fluorescence image of the SDS gel was captured by exciting the dye with a BioLite MultiSpectral Source (UVP, Cambridge, UK) using a dye-specific excitation filter and detecting fluorescence with a BioSpectrum Imaging System (UVP) using a dye-specific emission filter. Afterward, the SDS gel was stained with Coomassie and images were superimposed.
Inter-and intramolecular FRET measurements
All measurements were carried out in an LS55 fluorescence spectrometer (Perkin Elmer, Waltham, MA, USA). Irrespective of inter-or intramolecular FRET measurements, uniformly, donor fluorophore Alexa488 was exited at 498 nm and emission of the acceptor fluorophore Alexa647 was monitored at 664 nm. Excitation and emission slits were set to 10 and 15 nm, respectively, and the voltage was set to 775 mV. Unless indicated otherwise, all measurements were performed at 25°C using buffer C or buffer C + AlF, the latter
